Abstract-In the frame of the REFIMEVE+ project, aiming at disseminating an optical frequency standard to more than 20 laboratories in France, we present the progress made towards a metrological fibre wide-area network. We specifically address the key issue of multi-user dissemination and demonstrate in-line extraction on a main link, as first proposed by G. Grosche in 2010 [4].
INTRODUCTION
Optical frequency links have been demonstrated on distances up to 2000 km [1-2-3] and give the possibility to compare future optical clock in Europe with sensitivity far beyond what doable with GPS. A key issue consists now in deploying optical links to a number of research laboratories for high sensitivity frequency measurement or remote laser stabilization for instance.
In this context, a point-to-point transfer scheme is not efficient, especially in a metropolitan area network. G. Grosche proposed in 2010 [4] to extract the ultrastable signal at different points along the main link, in order to distribute the optical reference to many users simultaneously.
The first part of this work will present the issue of multiple user distribution and the second part will present the phase noise compensation model, which explains our results.
II. IN-LINE EXTRACTION
In-line extraction, as first proposed 3 years ago by G. Grosche, enables a very flexible distribution for several labs spread in the same metropolitan area: the signal is extracted from the main link and either directly distributed to a lab or fed to another secondary link
A. Principle
A main link consists of copying the ultrastable signal from the input end (Input Station) to the output end of the link (Output Station). On the path of the optical fiber, the signal phase is disturbed by temperature fluctuation of the fiber and mechanical vibrations. The challenge is therefore to compensate these disturbances.
The principle of the phase correction is shown in Fig. 1 . After a round trip in optical link, the signal has accumulated a phase noise φ A + φ B . the round-trip phase noise is compared to the reference signal of the Input Station. Heterodyne detection allows discriminating the round-trip signal from stray reflections. The phase noise is corrected with a phase-locked loop (PLL) via an acousto-optic modulator (AOM 1).
The aim of the In-line Extraction is to extract the reference signal along the optical fiber, at any distance from the ends of the link, and to compensate the phase noise accumulated between the input end of the link and the Output Extraction. This setup must be inserted on the main link with the minimum of induced loss. Both forward and backward signals are extracted with a simple optical coupler (OC 1) and combined to detect the beatnote, which contains the fiber noise after the extraction φ B . This provides a new phase correction applied to an AOM. We can thus compensate for the over-correction of the phase noise at to the Output Extraction.
B. Results
We tested this setup with an installed fiber link of 92 km in Paris area (Fig. 2) . The main link input is at SYRTE and is composed of two sections of 86 km and 6 km. The first one is using two parallel dedicated fibers of 43 km linking SYRTE to LPL, the second one is using two parallel dedicated fibers of 3 km linking SYRTE to LKB. That way, the two ends of the main link and the extraction set-up are at the same place, at SYRTE. This configuration gives the possibility to detect the beat-notes between the link ends and characterize the noise compensation. Although very simple, this set-up is sensitive to the fiber noise of the extraction set-up. We carefully set the fiber lengths in order to minimize uncompensated fiber paths but a residual phase noise can be measured at the Output Extraction.
These beat-notes are tracked with a 100 kHz bandwidth and after frequency division by 76 they are recorded simultaneously with a dead-time free counters (Kramer+Klische FXE) with a gate time of 1 s and Π-type or Λ-type operation.
The in-line extraction was inserted in this main link near the Input End, after 6 km. The relative frequency stability σ y (t) obtained with the main link is 1.3 × 10 -15 at 1 s and a few 10 -20
after 10000 s, with a slope in τ −1
, in accordance with the state of art (Fig3, blue squares) . At the extraction end, the relative frequency stability of the Extracted signal is 8 × 10 -16 at 1 s and this stability is below that of the main link stability up to 1000 seconds of integration (Fig 3, green stars) . Disturbances observed for longer integration time are due to the unperfect compensation of fiber paths in the extraction setup.
Then we decided to swap the fibers loops. By this way, the In-Line Extraction is placed near the Output End of the link, after 86 km. The relative frequency stability σ y (t) obtained for the End-to-End is still equal to 1.3 × 10 -15 at 1 s with a slope if τ −1
. But in contrast of the previous experiment, the Output stability presented a stability equal that of the main link, excepted at the long term integration time.
We also recorded the phase noise PSD measurement of the End-to-End and the End-to-Extraction, as displayed on Fig. 4 . We measured a 60 dB phase noise rejection at 1 Hz on the End-to-End Free (in black) and compensated (in blue). Concerning the Output Extraction, an excess of phase noise was observed between 1 and 10 Hz compared to the End-toEnd compensated, due to uncompensated fiber paths.
C. Phase noise compensation model
In the case of a position-independent fiber noise along the two fiber sections, we find that the phase noise power spectral density (PSD) of the extracted signal, SE(f), is related to the phase noise PSD at the link output, SO(f), as follows :
This factor F is null for LA=0, then increases up to 1 at LA=L. With that model, we see that the extraction phase noise PSD is at most equal to the output phase noise PSD and can be significantly below for LA<<L.
